A co-beneficial system using constructed wetlands (CWs) planted with aquatic plants is proposed for bioethanol production and nutrient removal from wastewater. The potential for bioethanol production from aquatic plant biomass was experimentally evaluated. Water hyacinth and water lettuce were selected because of their high growth rates and easy harvestability attributable to their free-floating vegetation form. The alkaline/oxidative pretreatment was selected for improving enzymatic hydrolysis of the aquatic plants. Ethanol was produced with yields of 0.14-0.17 g-ethanol/ g-biomass in a simultaneous saccharification and fermentation mode using a recombinant Escherichia coli strain or a typical yeast strain Saccharomyces cerevisiae. Subsequently, the combined benefits of the CWs planted with the aquatic plants for bioethanol production and nutrient removal were theoretically estimated. For treating domestic wastewater at 1,100 m 3 /d, it was inferred that the anoxic-oxic activated sludge process consumes energy at 3,200 MJ/d, whereas the conventional activated sludge process followed by the CW consumes only 1,800 MJ/d with ethanol production at 115 MJ/d.
INTRODUCTION
Application of constructed wetlands (CWs) planted with aquatic plants for wastewater treatment is gaining popularity in several countries as cost-efficient and energy-saving systems (Kivaisi ; Pan et al. ) . Furthermore, aquatic plants present advantages as energy crops because they can grow on and/or in water bodies without competing against food crops for arable land. In addition, some of them have a higher growth rate than terrestrial plants, and they accumulate sugar resources in the form of carbohydrate polymers including cellulose, hemicelluloses, and starch, suggesting their promising potential as a substrate for bioethanol production (Mishima et al. ) . Thus, CWs with the aquatic plants attract interest not only as water treatment systems but also as bioethanol production systems, i.e. co-beneficial systems. However, since only a few trials of bioethanol production from aquatic plant biomass have been demonstrated to date, evaluation of the CWs as the co-beneficial system has never been done (Kahlon & Kumar ; Xu et al. ) .
In the present study, bioethanol production from two free-floating aquatic plants, water hyacinth (Eichhornia crassipes) and water lettuce (Pistia stratiotes L.), was experimentally demonstrated, to assess their potential as energy crops. Water hyacinth and water lettuce were selected for their high growth rate, e.g. 60-100 t-dry/(ha·yr) (Gumbricht ) , and easy movement and harvesting because of their vegetation form. The establishment of an optimized pretreatment method for bioethanol production from a wide range of aquatic plants is required. However, there have been only a few reports on pretreatments of aquatic plants (Abraham & Kurup ) . Therefore, various chemical pretreatments were investigated comparatively in this study. The most effective one in improving the sugar yields of each aquatic plant by enzymatic hydrolysis was determined (Mishima et al. ) . Subsequently, pretreated water hyacinth and water lettuce were used for ethanol production using two fermentation modes, separated saccharification and fermentation mode (SHF) and the simultaneous saccharification and fermentation mode (SSF). Two fermenting microorganisms were used: a typical yeast, Saccharomyces cerevisiae, and a recombinant Escherichia coli. Subsequently, the beneficial system of the CW combined with the conventional activated sludge (CAS) process was theoretically estimated from viewpoints of bioethanol production, nutrient removal, and energy consumption.
MATERIALS AND METHODS

Aquatic plants
Water hyacinth and water lettuce were harvested from ponds in Osaka (Mishima et al. ) . The collected aquatic plants were washed manually with tap water. The leaves separated from roots were dried at 60 W C and then powdered to 350 μm mesh for the pretreatment experiments.
Fermenting microorganisms
Saccharomyces cerevisiae NBRC2346 is a typical fermenting yeast that produces ethanol from hexoses. The genetically engineered E. coli KO11 (Ohta et al. ) can use pentoses in addition to hexoses for ethanol production.
Pretreatment for ethanol production
For improving the saccharification efficiency, several chemical pretreatments were examined for comparison. As a control pretreatment, the samples were treated in distilled water at room temperature for 2 h. For boiled water treatments, the samples were treated in distilled water at 60 W C for 24 h or at 100 W C for 2 h. As alkaline pretreatment, the samples were treated in 10% (w/v) sodium hydroxide (NaOH) at room temperature for 2 h. Acid pretreatment was conducted by reacting the samples with 1% (v/v) hydrochloric acid (HCl), 1% (v/v) 
Separated saccharification and fermentation (SHF)
At the enzymatic hydrolysis step in the SHF process, 25 g of the pretreated sample and 250 ml of cellulase (Sumitime C; Shin Nihon Chemical Co. Ltd, Japan) solution (cellulase activity: 20 filter paper units (FPU)/g-substrate, xylanase activity: 615 FPU/g-substrate) in 0.1 M sodium phosphate (pH 5.0) were added to flasks (500 ml) and reacted at 45 W C and 120 rpm for 96 h. After the enzymatic reaction, the hydrolysate was centrifuged at 21,000 × g for 10 min.
The supernatant was supplemented with additional nutrients to give a basal medium composition of: 2.0 g/l yeast extract, 0.2 g/l (NH 4 ) 2 HPO 4 , 0.02 g/l MgSO 4 ·7H 2 O for S. cerevisiae NBRC2346, or LB medium (10 g/l tryptone, 5 g/ l yeast extract, 5 g/l NaCl) and 40 mg/l chloramphenicol for E. coli KO11 (Ohta et al. ). The initial pH was adjusted, respectively, to 5.0 and 6.8 for S. cerevisiae NBRC2346 and E. coli KO11. Then 80 ml of hydrolysate was transferred to a 125 ml flask with a rubber cap and sampling needle. It was autoclaved again to stop the enzymatic reaction. For fermentation, 4 ml of each preculture was inoculated aseptically into the flask. Fermentation was conducted at 30 W C and at 120 rpm on a rotary shaker.
Simultaneous saccharification and fermentation (SSF)
The SSF reaction mixtures consisted of 8 g of the pretreated aquatic plant samples (previously autoclaved for 20 min at 121 W C), filter-sterilized cellulase (20 FPU/g-substrate) solubilized in 0.1 M sodium phosphate, the basal medium and 5 ml of microbial inoculum to give the same concentration as that of the SHF experiment. The initial pH of the SSF mixture was adjusted to 5.0 for S. cerevisiae NBRC2346 or 6.0 for E. coli KO11. The SSF reaction was conducted at 37 W C in 125 ml flasks with 80 ml working volume. The flasks were sealed with rubber stoppers through which hypodermic needles had been inserted for exhaust of CO 2 and for sampling.
Estimating benefits of a system using aquatic plants
The values of the co-benefit, wastewater treatment and bioethanol production using aquatic plants, were estimated theoretically. A CW planted with the aquatic plants with surface area of 10,000 m 2 (0.4 m depth, 4,000 m 3 volume) was assumed to receive 11,000 m 3 /d of secondarily treated domestic wastewater containing total nitrogen (T-N) 20 mg/l, and total phosphorus (T-P) 3 mg/l. The T-N and T-P removal rates reported by Reddy & DeBusk () were used for water quality prediction treated by the CW. Based on statistical data of sewage works in Japan ( Japan Sewage Works Association ), energy consumption and water quality related to the CAS process and the anoxic/ oxic activated sludge (AO) process were predicted.
RESULTS AND DISCUSSION
Selection of the pretreatment method for saccharification of aquatic plants
Effective hydrolyzation of lignocellulosic biomass using enzymes requires application of a suitable pretreatment because linked lignin and crystalline cellulose hinder the attack of enzymes. Figure 1 shows sugar production from the aquatic plants using various chemical methods. Pretreatments using NaOH can remove lignin and acetyl groups and can reduce cellulose crystallinity (Chang & Holtzapple ) . Among the pretreatments using NaOH tested in this study, the A/O treatment showed the highest sugar production with 108 and 199 mg/g-biomass from water hyacinth and water lettuce, respectively. 
Ethanol production from aquatic plants
The A/O-pretreated biomass was used for ethanol production. In the enzymatic hydrolysis stage of SHF, around 60% of the enzymatically degradable sugars in the biomass was hydrolyzed in 24 h; the hydrolysis was almost completed in 96 h. The glucose, mannose/xylose/galactose, and arabinose concentrations in the resultant enzymatic hydrolysate of water hyacinth were 30.1, 2.2, and 0.8 g/l. Those of water lettuce were 33.3, 2.3 and 0.3 g/l, respectively. The glucose concentration in the enzymatic hydrolysate from each aquatic plant was comparable to or slightly higher than that obtained using acid hydrolysis (data not shown), suggesting that the cellulose and starch in the biomass were sufficiently hydrolyzed by cellulase in this enzymatic hydrolysis stage. Concentrations of the other sugars derived from hemicellulose hydrolysis were less than half of those in the acid hydrolysis. Saccharomyces cerevisiae NBRC2346 smoothly converted glucose in the hydrolysates of both biomasses to ethanol. Xylose and arabinose were somewhat reduced during fermentation. The final ethanol concentrations in SHF of water hyacinth and water lettuce were, respectively, 10.1 and 11.3 g/l. Actually, E. coli KO11 showed a slightly longer lag phase and slower fermentation than S. cerevisiae NBRC2346 did (data not shown). Despite those disadvantages, E. coli KO11 consumed not only glucose but also xylose and arabinose in the hydrolysates completely, and produced 10.3 and 12.7 g/l ethanol from water hyacinth and water lettuce in 30 h, respectively. Although these values for the ethanol concentration were slightly higher than those of S. cerevisiae NBRC2346, the difference was not remarkable. The difference might be attributable to the lower contents of the pentose in the aquatic plants and incomplete degradation of the hemicellulose component.
The A/O-pretreated biomass was used for ethanol production in the SSF mode. Figure 2 shows typical time courses of ethanol and other byproduct production from water hyacinth biomass. Ethanol production by the fermenting microorganisms proceeded smoothly; it was almost finished within 36 h. S. cerevisiae NBRC2346 and E. coli KO11 produced 0.14 and 0.17 g-ethanol/g-biomass from water hyacinth biomass, respectively, whereas 0.15 and 0.16 g-ethanol/g-biomass was generated from water lettuce biomass, respectively. S. cerevisiae NBRC2346 and E. coli KO11 accumulated glycerol and acetic acid as the main byproducts, respectively, reflecting their different metabolic pathways.
In 48 h, from water hyacinth and water lettuce, S. cerevisiae NBRC2346 produced 14.4 and 14.9 g/l ethanol, respectively, without remarkable accumulation of glucose. Xylose and arabinose increased gradually as the reaction progressed. In 96 h, E. coli KO11 produced 16.9 and 16.2 g/l ethanol, respectively, from water hyacinth and water lettuce. Although transient accumulation of glucose was observed in the early stage of fermentation, no lag phase was recognized.
The total time necessary for SSF was shorter than that for SHF because the SHF required 96 h for the enzymatic hydrolysis stage before the fermentation stage. The maximum concentrations of ethanol produced from the aquatic plants using SSF were higher than those when using SHF. Furthermore, SSF has a high probability for improving both production and economic efficiencies through reduction of byproduct inhibition and the number of reaction tanks (Wyman ).
As presented in Table 1 , the ethanol yields were comparable to those from agricultural wastes such as alfalfa fiber and sugarcane bagasse, although our processes have not been optimized completely. It might be concluded that aquatic plants can be a more promising biomass resource for ethanol production than terrestrial plants can be.
Co-benefit of aquatic plant systems
Bioethanol production from aquatic plants in CWs presents an attractive system combining benefits of water purification and energy production. As depicted in Figure 3 , Figure 3 | Co-beneficial system using free-floating aquatic plants, with bioethanol production from excess plant biomass (water lettuce) used for water purification.
a CW was assumed to be used for treatment of secondarytreated effluent of a CAS process receiving domestic wastewater. Parameter values used in the prediction are summarized in Table 2 . Removal in a CAS process is usually >90% for biochemical oxygen demand (BOD) but low for T-N and T-P. Subsequently, aquatic plants can remove nutrients remaining in the secondary-treated effluent (T-N 20 mg/l and T-P 3 mg/l). By the same assumption, effluent concentrations of T-N and T-P from the CW planted with water hyacinth were inferred to be about 8.3 and 0.8 mg/l, respectively, with biomass harvest at 290 kg-dry/d on average. According to our data, biomass loss of water hyacinth in the A/O pretreatment is high (56.5%). Finally it was inferred that bioethanol is producible from water hyacinth at 20.0 l/d (15.6 kg/d).
The proposed co-beneficial system was compared with the AO process as a typical nutrient removal process for treating domestic wastewater (11,000 m 3 /d, BOD 195 mg/l, T-N 35 mg/l, and T-P 5 mg/l) as portrayed in Figure 4 . The AO process has a long hydraulic retention time but it can usually remove >95% BOD, >65% T-N, and >80% T-P from domestic wastewater. Effluent concentrations of BOD, T-N, and T-P from the AO process were inferred to be about 6.5, 12.5, 0.85 mg/l, respectively, with consumption of a large amount of electricity at 890 kWh/d (3,200 MJ/d). However, effluent concentrations of BOD, T-N, and T-P of the CAS process can be assumed to be about 20, 20, and 3 mg/l, respectively, with consumption of electricity at 485 kWh/d. This secondary-treated effluent was presumably treated further by the CW planted with water lettuce, producing effluent containing <10 mg/l BOD, 11 mg/l T-N, and 1 mg/l T-N (Figure 3) . The CW was assumed to consume about 10% electricity for pumps used in the CAS process, i.e. 14 kWh/d. Therefore, the proposed system consumes electricity at only 500 kWh/d (1,800 MJ/d) in all, with almost equivalent effluent quality to that of the AO process. Furthermore, the CW planted with water lettuce produces ethanol at 22 kg/d (net energy production of 115 MJ/d) ( Figure 3 ). Pan et al. () also reported that a coupling system of a septic tank and a CW (reed beds) consumes less energy and emits less greenhouse gases than an anaerobicanoxic-oxic process in China, although biofuel production from excess biomass has not been discussed. Although this co-beneficial system presents disadvantages such as a large area for the CW and instability of the treatment performance, it constitutes a sustainable wastewater treatment system that is expected to be especially useful for developing countries in tropical and subtropical regions.
CONCLUSIONS
The A/O pretreatment was the most effective pretreatment for improving enzymatic hydrolysis of the water hyacinth and water lettuce. Because water lettuce and water hyacinth have a high capability for growth correlated with nutrient removal, they are apparently promising candidates not only for water purification but also for resource production. The yields and maximum concentrations of ethanol from the aquatic plants in SSF were higher than those in SHF. SSF shortened the total period for the ethanol production. In addition, E. coli KO11 produced slightly higher concentrations of ethanol from both aquatic plants than S. cerevisiae NBRC2346 did. CWs planted with free-floating aquatic plants produce an attractive system because of the combined benefits of wastewater treatment and energy production.
